Objectives: In the general population, metabolic health often declines as BMI increases. However, some obese individuals maintain metabolic health. HIV and antiretroviral therapy have been associated with metabolic disturbances. We hypothesized that HIV-infected (HIV þ ) men on suppressive antiretroviral therapy experience less metabolic health than HIV-uninfected (HIV 
Introduction
Overweight and obese states are common among HIVinfected persons [1, 2] , with some cohorts reporting the frequency of BMI ! 25 kg/m 2 among HIV-infected adults to be 44-65% [1, 3] . Similar to the general population, obesity in HIV infection is associated with multimorbidity [1, [4] [5] [6] . Even in normal weight persons, HIV infection and antiretroviral therapy (ART) are associated with metabolic derangements, including fat redistribution, adipocyte dysfunction, increased cardiovascular disease risk, insulin resistance, and dyslipidemia [7] . Problematically, ART may exacerbate obesity: in an observational cohort, 44% of HIV-infected adults were overweight or obese prior to ART initiation, and 20% progressed from normal or overweight to overweight or obese within 2 years of ART initiation [1] . As HIV infection and obesity are both chronic inflammatory states [8, 9] , their coexistence may hasten metabolic dysfunction. Thus, obesity is often assumed to be a deleterious state that exacerbates HIV and ART-associated metabolic issues.
In the general population, a state of metabolically healthy obesity (MHO) has been described. MHO is obesity without overt concomitant cardiometabolic disease, and has been variably defined to include persons with BMI ! 25 or !30 kg/m 2 and most commonly 2 metabolic syndrome criteria [10] [11] [12] [13] . The lack of consistent diagnostic criteria and population differences has led to MHO prevalence estimates ranging from 6 to 40%; [14] furthermore, whether MHO exists at all is controversial. However, some studies have demonstrated increased mortality, increased cardiovascular disease risk, and differences in body composition and fat distribution among persons meeting MHO criteria in the general population compared with metabolically healthy, nonobese persons [14] [15] [16] [17] [18] [19] [20] [21] , suggesting that MHO is not entirely benign. In contrast, persons with MHO may have less visceral fat and systemic inflammation and more favorable immune profiles than the metabolically unhealthy obese [22] [23] [24] [25] [26] , suggesting that a spectrum of metabolic health can coexist within obesity.
It is unknown whether MHO exists among HIV-infected persons. Given that HIV infection and ART are associated with a variety of metabolic changes, that the prevalence of the metabolic syndrome in HIV-infected persons is high (up to 45 vs. 25% in the general population [27] ) and that immunologic dysregulation and enhanced inflammation may exist independent of obesity in treated and untreated HIV-infected persons, it is possible that HIV infection and obesity have a synergistic and detrimental effect on metabolic health that could prevent the existence of MHO. We used Multicenter AIDS Cohort Study (MACS) data to determine the prevalence of MHO among HIV-infected MACS men, compare metabolic health by BMI category and age between HIV-infected and HIV-uninfected men and compare predictors of metabolic health by HIV serostatus. We hypothesized that HIV-infected men would be less metabolically healthy across the BMI spectrum and would have a lower prevalence of MHO.
Methods

Study population
The MACS began in 1984 to study the natural history of AIDS among MSM, to identify risk factors for the occurrence and clinical expression of HIV infection and to establish a repository of biologic specimens for future study [28] . The MACS is an ongoing, multicenter (Pittsburgh, Pennsylvania; Baltimore, Maryland/ Washington, DC; Chicago, Illinois; and Los Angeles, California, USA), prospective, observational cohort study in which participants return semiannually for a standardized interview, clinical evaluations, laboratory tests, and specimen storage. Beginning 1 April 2009 (visit 31), fasting evaluations for metabolic data became routinely available. We conducted a nested cohort study of MACS participants who were alive at visit 31 or later, using data from the most recent study visit for each participant after 1 April 2009 but before 30 September 2014 to assess metabolic health status. In addition, we restricted HIVinfected men to those receiving ARTand with suppressed plasma HIV-1 RNA (<50 copies/ml by Ultrasensitive Amplicor HIV-1 Monitor Assay, Roche Diagnostics, Pleasanton, California, USA) at the visit of interest. All participants provided informed consent, protocols were approved by the Institutional Review Boards of the participating sites and the study was conducted in accordance with the Declaration of Helsinki.
HIV diagnosis
Peripheral venous blood is screened semiannually for HIV-uninfected men using ELISA and positive specimens are confirmed using western blot. After HIV infection is confirmed, semiannual testing is discontinued (for HIV-infected men).
Metabolic definitions
We defined metabolic health using the National Cholesterol Education Program Adult Treatment Panel III definition, which requires the presence of 2 of the following: SBP >130 mmHg, DBP >85 mmHg, triglycerides >150 mg/dl, high-density lipoprotein (HDL) cholesterol <40 mg/dl, fasting plasma glucose >100 mg/ dl, and waist circumference >102 cm [10, 11] Other measurements Age, race, level of education, smoking history, medication use, and diagnosis history were assessed by self-report, with current metabolic diagnoses confirmed by laboratory or medication use. AIDS and other clinical events were confirmed via medical record review. Depression was defined as Center for Epidemiologic Studies Depression Scale Score >16 or diagnosis of or treatment for depression. Chronic hepatitis C virus (HCV) infection was defined as plasma HCV RNA positivity. Height and weight were measured using standardized procedures and used to calculate the BMI in kg/m 2 . Waist circumference (cm) at the iliac crest was measured using a standardized protocol [29] . All sociodemographic and medical data were obtained using the most recent visit with complete metabolic data up to 30 September 2014. CD4
þ Tlymphocyte subsets were measured using standardized flow cytometry [30] , and CD4 þ T lymphocyte nadir was defined as the lowest count prior to and including the most recent visit with complete metabolic data.
Statistical analysis
A descriptive analysis of demographic and clinical characteristics was generated and stratified by HIV serostatus. Continuous variables are expressed as mean AE SD if normally distributed or median with interquartile range if not normally distributed. Wilcoxon rank-sum tests and Pearson x 2 tests compared continuous and categorical characteristics, respectively. All statistical tests are two-sided (a ¼ 0.05). No adjustment was made for multiple testing in these exploratory analyses.
The prevalence of metabolic health initially assessed by HIV serostatus, BMI category and type of metabolic disturbance was explored over both the 5 years of data from 1 April 2009 to 30 September 2014 and the last visit with complete metabolic data, which for most men was their last MACS visit within the study period. Results and missing data frequency (approximately 5%) were similar between the two analyses with high intraclass correlation coefficients for metabolic health status [HIV-uninfected 0.86, 95% confidence interval (CI) 0.82, 0.86; HIVinfected 0.79, 95% CI 0.77, 0.82; data not shown], and participants rarely changed metabolic health status over the 5 years. Therefore, metabolic health at the last visit was chosen for subsequent analyses.
Missing metabolic health data was imputed using an individual participant's metabolic health data from 1 year before to 2.5 years after the current visit (but closest to the current/missing visit). Individual trajectories were chosen over group medians as, compared to the men with complete data (n ¼ 2380), men with missing data (n ¼ 329) were more likely to have diabetes mellitus (38 vs. 14%, P < 0.001) and dyslipidemia (88 vs. 75%, P < 0.001), had longer time with known HIV infection (22 vs. 12 years, P < 0.001) and were less likely to have HIV-1 RNA <50 copies/ml (66 vs. 82%, P ¼ 0.001). Wilcoxon rank-sum tests compared differences in type of metabolic disturbance and the distributions of metabolic categories, both by HIV serostatus.
Poisson regression with robust variance determined factors associated with metabolic health. Separate models were performed for cohort enrollment status (before or after 2001), education ( high school vs. >high school), current smoking status, and HCV infection, controlling for age, race (white vs. nonwhite), HIV serostatus, BMI category, and the interaction of HIV infection with BMI, to determine covariates potentially associated with metabolic health status. Final multivariable Poisson regression models determined associations between HIV serostatus and metabolic health prevalence, adjusting for variables significant (P < 0.05) in the previous analysis (age, race, current smoking, and HCV status). Next, HIV-restricted models were developed to assess the role of HIV and ART-specific covariates and included ART duration, current CD4 þ T-lymphocyte count, nadir CD4
þ T-lymphocyte count, history of an AIDS diagnosis, and/or a diagnosis of lipodystrophy (in addition to age, race, education, current smoking, and HCV status). Interactions between covariates were explored but not observed unless specified. Interpretations of associations were made giving special consideration to the possibility that specific covariates may also be in the causal pathway for dysmetabolism. Multiple imputation was used to complete missing covariate data (5%). Five imputation data sets were created using multivariable normal model, including all variables in the Poisson model. The final estimates of the association between metabolic health and factors examined were obtained by averaging the estimates from the five imputation data sets.
Results
Participant population
Demographic and clinical characteristics are presented in Table 1 . Of 1092 HIV-uninfected and 1018 HIV-infected participants on ART with HIV RNA <50 copies/ml, HIV-infected men were younger, more likely to be of nonwhite race, have high school education and to be current smokers. HIV-infected men had slightly lower BMIs and median waist circumference, and were more likely to have dyslipidemia and HCV infection, but had similar rates of diabetes mellitus and metabolic syndrome as HIV-uninfected men.
Among the HIV-infected men, median time since HIV diagnosis was 12.2 years, with median current CD4 þ Tlymphocyte count 655 cells/ml. In addition to virologic suppression at the visit associated with metabolic health determination, participants overall exhibited durable suppression, with HIV-1 RNA <50 copies/ml at nearly 90% of visits in the 5 years preceding the visit of metabolic health determination. In total, 13% had a diagnosis of AIDS. Current ART use included 42% protease inhibitor use, 51% nonnucleoside reverse transcriptase inhibitor (NNRTI) use and 29% integrase inhibitor use, with 92% of men being on !1 nucleoside reverse transcriptase inhibitor (NRTI).
Components of the metabolic health definition HIV-infected men were more likely to meet elevated triglyceride and low-HDL cholesterol criteria, whereas HIV-uninfected men were more likely to meet waist circumference criteria (Tables 1 and 2 HIV-uninfected men in the same BMI category (Table 3) . Similar to the unadjusted analyses, the prevalence of metabolic health did not differ by HIV serostatus at BMI >30 kg/m 2 .
Factors associated with metabolic health status among HIV-infected men
In an HIV-restricted analysis, factors significantly associated with decreased likelihood of metabolic health included higher BMI, every additional 10 years of age, white race, and per year protease inhibitor, zidovudine and stavudine use (Table 4) . Current smoking, HCV infection, history of an AIDS diagnosis, and nadir CD4 þ T-lymphocyte count were not associated with metabolic health status.
Given the finding of decreased metabolic health likelihood/year of protease inhibitor use, we conducted an analysis restricted to men with protease inhibitor exposure (n ¼ 709). First, we created models adjusting for the factors significantly associated with metabolic health in the parent model (BMI, age, race, current smoking, HCV infection, CD4 þ T-lymphocyte count <500 cells/ ml), then added individual protease inhibitors to the model, including ritonavir (boosting or full dose). Only darunavir use was significantly associated with lack of metabolic health, with each year of use conferring a 5% decreased likelihood of metabolic health (Table S1a , http://links.lww.com/QAD/B161). Next, we added zidovudine, stavudine, and ritonavir use to the parent model (to account for other agents associated with decreased risk of metabolic health and concomitant ritonavir use with darunavir) and again assessed each protease inhibitor individually. Again, darunavir use was the only protease inhibitor associated with frequency of metabolic health (effect size unchanged, Table S1b , http://links.lww.com/QAD/B161).
Of note, compared to other protease inhibitor users (n ¼ 490), men who had ever used darunavir (n ¼ 219): were slightly younger (53 vs. 56 years, P < 0.001); were more likely to be nonwhite (48 vs. 36%, P ¼ 0.003); had shorter known duration of HIV infection (12 vs. 22 years, P < 0.001) but lower current CD4 þ T-lymphocyte counts (current: 583 vs. 646 cells/ml, P ¼ 0.008; trend toward lower nadir CD4 þ T-lymphocyte count also observed, 209 vs. 239 cells/ml, P ¼ 0.09) and less durable virologic suppression (83 vs. 91% of visits with HIV-1 RNA <50 copies/ml, P < 0.001); were less likely to currently use NRTIs (78 vs. 94%, P < 0.001) but more likely to have previously used stavudine (but not zidovudine, 51 vs. 43%, P ¼ 0.04); and were more likely to currently be receiving an integrase inhibitor (42 vs. 26%, P < 0.001).
A statistically significant interaction between darunavir and zidovudine (prevalence ratio ¼ 0.98, P ¼ 0.004) but not darunavir and stavudine use (prevalence ratio ¼ 0.99, P ¼ 0.26) was observed. Specifically, we observed that cumulative darunavir use had no effect on metabolic health when cumulative zidovudine use was <3 years, but darunavir use was negatively associated with metabolic health when cumulative zidovudine use was !3 years. For example, the estimate for darunavir use when zidovudine use is 3 years in duration was prevalence ratio ¼ 0.96, (95% CI 0.93, 0.996), P value is 0.03. At 4 years of zidovudine use the estimate for darunavir was prevalence ratio ¼ 0.94, (95% CI 0.91, 0.98), P value is 0.006. Additionally, darunavir users did not differ in their metabolic profiles from other protease inhibitor users, nor did they differ in frequency of current smoking or HCV coinfection (data not shown). Of the components of the metabolic health definition, darunavir use was statistically associated with elevated triglyceride (adjusted prevalence ratio 1.05; 95% CI 1.03, 1.07; P < 0.001) and low HDL (adjusted prevalence ratio 1.07; 95% CI 1.02, 1.12; P ¼ 0.01) cholesterol levels.
Discussion
From the MACS, a large, prospective cohort of HIVinfected and HIV-uninfected men, we present the first analysis documenting the presence of MHO in HIVinfected persons. We also observed that MHO exists among HIV-infected men on suppressive ART to a similar extent as among HIV-uninfected men. Our third and equally important finding was that nonobese HIVinfected men were significantly less likely than HIVuninfected men in the same BMI category to be metabolically healthy. Although BMI had the greatest impact on metabolic health status, older age, white race, and ART use, specifically per year protease inhibitor (darunavir), zidovudine, and stavudine use, were also associated with reduced likelihood of metabolic health among HIV-infected men.
MHO prevalence has not previously been assessed in HIV-infected persons, and the finding of similar MHO frequencies between HIV-infected and HIV-uninfected men was unexpected and provides evidence against the hypothesis that chronic HIV infection and obesity have synergistic effects on metabolic dysregulation. Given the numerous metabolic alterations associated with HIV infection and long-term ART use (including prominent lipid abnormalities and high rates of insulin resistance [31, 32] and metabolic syndrome [27] ), we hypothesized that HIV-infected men on suppressive ARTwould be less likely to have MHO than HIV-uninfected controls. Importantly, rates of MHO in our cohort are similar to those previously reported in the general population: At BMI 30-34 kg/m 2 we observed MHO rates of 35 and 39% for HIV-infected and HIV-uninfected men, respectively, and 27 and 25% maintained MHO even at BMI ! 35 kg/m 2 . Using the same definition of MHO ( 2 National Cholesterol Education Program Adult Treatment Panel III criteria), the prevalence of MHO in the US general population is 29.0-31.7% [12, 33] . Thus, our data in HIV-uninfected men are consistent with that of the general population, lending validity to the estimate for ART treated, HIV-infected men.
Among normal weight men in our cohort, HIV-infected men were less likely than HIV-uninfected men to be metabolically healthy, although nonobese HIV-infected men still retained greater rates of metabolic health than obese men of any HIV serostatus. In other US studies, approximately 30% of normal weight, HIV-uninfected persons lack metabolic health [33] . Risk factors for lack of metabolic health among normal weight adults are less well characterized, but may include older age and substance use [34] . Among MACS men with BMI <25 kg/m 2 , older age, white race, HIV infection, and HCV infection were most strongly associated with a lack of metabolic health (data not shown). For HIV-infected men, per year protease inhibitor and thymidine analog NRTI use were also associated with lack of metabolic health.
Given toxicities including lipodystrophy, mitochondrial dysfunction, hepatic steatosis, and lactic acidosis [35] [36] [37] , it is not surprising that zidovudine and stavudine use were associated with lack of metabolic health. The magnitude of the association, however, was impressive: at 2%/year, 10 years of any combination of zidovudine or stavudine use would decrease the risk of maintaining metabolic health by 20%. Given that ART use is currently a lifetime commitment and these agents are still frequently used in resource-limited settings, the potential contribution of ART to metabolic disease in persons on long-term therapy is substantial. Additionally, our analysis was not limited to current zidovudine and stavudine users, highlighting the potential long-lasting effects of these agents.
Similarly, protease inhibitor use has been associated with metabolic disturbances including lipodystrophy, insulin resistance, and dyslipidemia [37] , and we were not surprised to observe an association between decreased frequency of metabolic health and protease inhibitor exposure. However, it was surprising to observe a specific association with darunavir use. Historically, darunavir has been thought of as more metabolically neutral than many other protease inhibitors, with the possible exception of atazanavir [38] [39] [40] . However, in our cohort darunavir use was initially more likely to have been initiated in the face of treatment experience, in which twice daily dosing is more common. Only after 2011 did the frequency of once daily darunavir dosing exceed 50% among MACS men.
Twice daily darunavir has been associated with greater lipid perturbations than once daily dosing [41] , as well as greater ritonavir exposure. Our association between darunavir use and decreased frequency of metabolic health did persist after controlling for ritonavir usage. However, men in our cohort may have been switched to darunavir after developing metabolic disease on other ARTagents, and that we were not fully able to account for such overlapping processes in this analysis. This hypothesis is supported by our finding of an interaction between darunavir and zidovudine use, such that darunavir use was only statistically significantly associated with reduced likelihood of metabolic health when zidovudine use occurred for at least 3 years, highlighting the confounding effects of treatment experience.
Of note, participants in AIDS Clinical Trials Group protocol A5260s who initiated ritonavir-boosted darunavir (once daily with emtricitabine and tenofovir disoproxil fumarate) gained similar fat mass but statistically less lean mass 96 weeks following ART start compared with participants whose third ART agent was ritonavirboosted atazanavir or raltegravir [42] . Additionally, cumulative darunavir use has been associated with incident cardiovascular disease [43] , and once daily ritonavir-boosted darunavir has been associated with more rapid increases in carotid intima-media thickness (a surrogate measure of cardiovascular disease burden) than ritonavir-boosted atazanavir or the unboosted integrase inhibitor raltegravir [44] . With similar changes in lipids, inflammatory parameters, and fat distribution [40, 42, 45] , the findings of greater fat-to-lean mass gain, more rapid carotid intima media thickness progression and incident cardiovascular disease suggest that an unknown mechanism for the development of metabolic disease with darunavir may exist. Supporting this hypothesis is our finding that darunavir users had similar frequencies of traditional risk factors for metabolic disease as other protease inhibitor users, and that the darunavir effect persisted after controlling for these factors.
The study has several limitations. First, our assessment of metabolic health status was cross-sectional. However, as noted in the methods, when comparing the most recent visit to metabolic health status over the last 5 years, results were comparable and using the most current visit allowed for presentation of data/person rather than in personyears. Second, the types of metabolic disturbances used to determine metabolic health status differed by HIV serostatus, with HIV-infected men more likely to meet criteria for lipid abnormalities. Acknowledging that the Adult Treatment Panel III criteria may not be equivalent in their contributions to cardiometabolic outcomes, our next step is to conduct a longitudinal study to determine how the current observed differences in metabolic health affect clinical outcomes by HIV serostatus and BMI category.
Third, although this study was not designed to fully elucidate mechanisms of metabolic health or lack thereof, both traditional and HIV-specific factors significantly contributed to metabolic health status among HIVinfected men, with HIV-specific risk factors contributing disproportionately among normal weight and overweight, but not obese, HIV-infected men. Fourth, this analysis may not be generalizable to HIV-infected women or populations outside the United States, although analyses in these populations are planned. Fifth, the Adult Treatment Panel III criteria for MHO, while common in the literature and applicable to the majority of MACS men, do not incorporate waist circumference measurements that are race/ethnicity specific. Finally, we were unable to control for physician bias or regional differences in ART prescribing practices or comorbidity management, but our large sample size, detailed characterization and diverse geographic makeup are strengths of this analysis.
In conclusion, MHO was similarly prevalent among HIVinfected and HIV-uninfected MACS men, with traditional risk factors most strongly influencing metabolic health status among obese men. However, HIV-infected normal weight and overweight men were much less likely than their HIV-uninfected counterparts to experience metabolic health, with both traditional risk factors and zidovudine and stavudine use associated with reduced likelihood of metabolic health among HIV-infected men. For HIV-infected men with greater than 3 years of zidovudine exposure, darunavir use was also associated with reduced likelihood of metabolic health. These findings emphasize the contributions of nontraditional risk factors for metabolic disease among nonobese, HIVinfected men, and demonstrate the importance of metabolic risk assessment across the BMI spectrum in this population.
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